Abstract : A continuous annealing line is the process which consists of heating, soaking and cooling of steel strips. In this process, it is very significant to control steel strip temperature and tension. If the steel strip temperature or tension is not controlled properly, it may cause unstable operations and, in the worst case, result in the trouble such as buckling of the steel strip. Once buckling occurs, it takes very long time to recover the process line and the productivity decreases. Therefore it is necessary to prevent these troubles by detecting signs of buckling as early as possible. While many trials to clarify the mechanism of buckling based on physical approaches were conducted in the past, it cannot find any appropriate technique with sufficient accuracy. For the above reason, data oriented approaches such as statistic analysis are studied as an alternative to the conventional monitoring method. In this paper, a new monitoring method for detecting buckling in continuous annealing lines is proposed based on canonical correlation analysis. It can extract not only relations among variables such as the strip temperature and tension but also the ones in the longitudinal direction of the strip and monitor changes of these relations. The off-line numerical tests are conducted and effectiveness of the proposed method is confirmed compared to the conventional method.
Introduction
A continuous annealing line (CAL) is the process succeeding the cold rolling process and it heats, soaks and cools steel strips continuously. By this heat cycle, hardened steel materials after cold rolling are softened. In this process, it is very significant to control steel strip temperature and tension under various operating conditions such as the speed of the steel strip.
If the steel strip temperature or tension is not controlled properly, it causes unstable operation and, in the worst case, results in troubles such as buckling of the steel strip.
Once troubles such as buckling occur, it takes a very long time to recover the process line and the productivity decreases. Therefore it is necessary to prevent these troubles by detecting signs of buckling as early as possible.
For this purpose, limit-checking has been mainly used. It constantly monitors each operational variable such as the steel strip temperature and tension and checks whether each value is within the pre-defined upper and lower limits. But it is difficult to detect signs of buckling with sufficient accuracy because buckling is caused by a complicated causal association among various variables. While many trials to clarify the mechanism of buckling and to detect signs of buckling based on the detailed physical approach were conducted in the past [1] , [2] , there is a difficulty that some of parameters cannot be identified exactly because these are changed under various operating conditions. For the above reason, data oriented approaches such as statistic analysis are studied as an alternative to the conventional monitoring method.
In this paper, a new monitoring method for detecting buckling in continuous annealing lines is proposed based on canonical correlation analysis. The basic theory of the canonical correlation analysis was developed by Hotelling [3] , [4] . It can extract not only relations among variables such as the strip temperature and tension but also the ones in the longitudinal direction of the strip and monitor changes of these relations. The off-line numerical tests are conducted and effectiveness of the proposed method is confirmed compared to the conventional method.
The remainder of this paper is organized as follows. First, the authors explain the process of CAL and the mechanism of the buckling caused in the process in brief in Sections 2 and 3. Next, the authors present the conventional method in Section 4. Then, the authors explain the new proposed monitoring index using canonical correlation analysis in Section 5. In sections 6 and 7, the authors show and discuss results of the offline numerical simulation. Finally, we conclude this study in Section 8.
from the preceding cold rolling process to CAL are uncoiled by payoff reels and welded together by the welder. Next at the furnace section, the welded strips are passed continuously through the heating zone, the soaking zone and the cooling zone, resulting in the strip temperature controlled to the target temperature pattern. Finally at the delivery-side section, strips are divided to product sizes by the shear and recoiled by tension reels.
In CAL, there are many factors to cause strips to be broken. One of those factors is buckling which is easy to occur through the heating and cooling process because thermal expansion of the carrying roll is occurred by heat transferred from hot strips or the cooling gas as mentioned in the next section. The other is poor welding which may occur because of welding strips of different sizes or different hardness.
In this paper, the main target to detect is buckling at the cooling zone. 
Mechanism of Buckling
The mechanism of buckling was studied by T. Sasaki, T. Hira and H. Abe [1] , T. Matoba, M. Ataka, I. Aoki, and T. Jinma [2] . In this section, their theory is explained in brief. Tapers (initial crowns) are given to carrying rolls in the cooling section as shown in Fig. 2 . This purpose is to prevent the strip from snaking by transverse compressive force which is generated by the contact of the strip with the taper. In addition to the initial crown, thermal expansion of the roll (thermal crowns) is generated by heat transferred from hot strips or the cooling gas and the transverse compressive force increases in accordance to the thermal crown. If the transverse compressive force exceeds the critical stress, strip buckling occurs. 
Transverse Compressive Force
According to T. Matoba and others [2] , a transverse compressive force caused by the difference of the direction between the roll rotation and strip move as shown in Fig. 3 acts on a portion of the strip contacting with the taper portion of the roll. The transverse compressive force F 0 is the product of the pressing force of the strip to the roll N and the coefficient of dynamic friction μ. Here, the pressing force N generated by the strip tensile stress σ t is the product of three terms, that are the pressure to the roll σ t h/R, the strip width contacting with taper (b − c)/2 and the winding length of the strip around the roll πR, where R is the roll radius, h is strip thickness, b is strip width and c is the width of flat portion of roll. Therefore, the transverse compressive force F 0 is given by the following equation [2] .
where μ: coefficient of the dynamic friction (unknown), σ t : strip tensile stress (measured), h: strip thickness (measured) b: strip width (measured), c: width of the flat portion of the roll (known), and R: roll radius (known)
Assuming the transverse compressive force acts on the part near the roll with the length of a' in the longitudinal direction, the compressive stress is obtained by dividing F 0 by cross section a'h [2] 
where a': effective length of the strip which transverse compressive force acts on (unknown). 
Critical Stress
According to T. Matoba and others [2] , the equation of the critical stress can be derived by assuming the simple model of the uniform stress of σ x , σ y as shown in Fig. 4 . Here, σ x is the tensile stress in the longitudinal direction of the strip and σ y is the compressive stress in the width direction of the strip. Considering equilibrium of the tensile stress and the compressive stress in an infinitesimal element dxdy of the thin plate, we can obtain a differential equation of the thin plate bending as follows [5] :
where w: deflection σ x : tensile stress in the longitudinal direction of the strip σ y : compressive stress in the width direction of the strip D: flexural rigidity, By solving Eq. (3) under the boundary conditions such that the deflection w is zero at the roll position and free at the strip side, the critical stress is given as the minimum stress [2] ,
where h: strip thickness (measured), a: length between the adjacent rolls, E: Young's modulus (constant). When the compressive stress is too small, the strip in travel is easy to snake. Oppositely, when the compressive stress exceeds the critical stress, buckling is easy to occur. Therefore it is very important to control the thermal crown and the tension in order to obtain the optimal compressive stress. However it is very difficult to correctly calculate the values of the compressive stress and the critical stress because they include many unknown parameters as mentioned above. 
Conventional Method
Conventionally limit-checking was used to detect buckling in continuous annealing processes. This method monitors each variable independently and checks whether the value is within the pre-defined upper and lower limits. Monitored variables were the factors related to the compressive stress and the critical stress such as the difference of roll temperatures between the middle and the end of the roll, the strip tension and so on. The former variable, which is equivalent to the thermal crown of the roll, is measured by thermocouples implemented on the roll. As shown in the later section, however, it cannot detect signs of buckling sufficiently because these variables have complicated effects on each other.
Then based more firmly on the buckling theory, the monitoring index derived from Eq. (1) and Eq. (4) was studied to detect signs of buckling. However, the two equations are difficult to identify exactly because some parameters such as the effective length of the strip which transverse compressive force acts on and the coefficient of the dynamic friction vary under various situations.
Therefore, data oriented approaches such as statistic analysis are studied as an alternative to the conventional monitoring method.
Novel Monitoring Index Using Canonical Correlation Analysis

Data Structure Obtained in CAL
In the continuous annealing process, various actual timeseries data such as cooling gas temperature, strip temperature, strip tension and roll temperature are gathered. As shown in Fig. 5 , several representative data of a strip in the longitudinal direction are summarized for each variable by averaging data and matching the position in the longitudinal direction to make product quality analysis easy.
In order to use data summarized as representatives actively and effectively and obtain high accurate detection of signs of buckling, the proposed method using canonical correlation analysis is studied. Figure 6 shows the relation among operational variables changing in the longitudinal direction. The ellipse at each point means the distribution under normal operations and a series of circles mean a typical behavior of anomaly. The proposed method can easily find the anomaly shown in Fig. 6 because it extracts not only the relations among operational variables but also those in the longitudinal direction and monitor changes of these relations.
One of examples of the causal associations is as follows: -First, the strip speed increases. -Next, heat carried into the cooling zone by the hot strip increases.
-Then, the cooling gas flow rate increases by temperature control to keep the strip temperature constant.
-After that, the thermal crown increases due to the temperature difference between the middle part of the roll contacting with the hot strip and the end of the roll cooled by cooling gas directly.
-Finally, the transverse compressive force changed due to the thermal crown is larger than the critical stress and the buckling risk increases. 
Canonical Correlation Analysis
The basic theory of the canonical correlation analysis was developed by Hotelling [4] , [5] . First, in order to make discussion easy, let's assume x i = (x i,1 , . . . , x i,m ) T , x j = (x j,1 , . . . , 
where C is the covariance matrix of x i , x j as follows:
Since scaling does not change the problem, we can normalize a i , a j by letting them to satisfy a T i C ii a i = 1, a T j C j j a j = 1. This allows us to rewrite the problem as,
By introducing Lagrange multipliers γ 1 and γ 2 , we can rewrite Eq. (7) as,
Taking derivatives with regard to a i and a j and setting them to zero, we obtain 
Using a T i C ii a i = 1, a T j C j j a j = 1, we obtain γ 1 = γ 2 = a T i C i j a j . From Eq. (9), Eq. (10) and γ 1 = γ 2 , we obtain
After all, a i , a j can be found by solving the generalized eigenvalue problem as follows:
Since we want to maximize γ 1 , it turns out that λ = 1 + γ 1 is the largest eigenvalue and (a
T is the eigenvector corresponding to it.
As mentioned above, relations between two variable vectors x i , x j are summarized to a i , a j . Therefore, monitoring changes of relations among variables and those between point i and j in the longitudinal direction is equivalent to monitoring changes of a i , a j .
Next, in order to obtain the whole relations in the longitudinal direction, we consider to generalize canonical correlation analysis to more than two representative points. This frame is shown by F.R. Bach and M.I. Jordan [6] from the viewpoint of the mutual information that is expressed as follows:
According to them, canonical correlation analysis is generalized to more than two sets of variables by preserving the relationship between canonical correlation analysis and mutual information. Given n points in the longitudinal direction, the problem becomes the following eigenvalue probletm.
or, in short, Ca = λDa, where C is the covariance matrix of x 1 , x 2 , . . . , x n and D is the block-diagonal matrix of covariances of x 1 , x 2 , . . . , x n . Since we can find the first principle eigenvalues λ 1 , λ 2 , . . . , λm CCA , in the case of more than two points in the longitudinal direction, we can extract the relations in normal operations and monitor changes of the relations as well.
Proposed Monitoring Index
In this section, the proposed monitoring index based on the canonical correlation analysis is shown using Fig. 8 . After calculating a i , a j using data {x i } model in normal operations, we can acquire the maximum correlation among points in the longitudinal direction by transferring newly obtained data {x i } test to canonical variates {v i = a T i x i } test . Next, the deviation from canonical variate at the reference point, which is the average or the first point from the leading end of a strip is calculated as follows:
where n = the number of points in the longitudinal direction, m CCA = dimensionality of the canonical variates. Since a steel strip is normally processed so as to be uniform in the longitude direction, v i is expected to be distributed around the average. Thus, we use the following distance of the current point from the reference point as the monitoring index for detecting an anomaly:
This method is able to detect changes in the longitudinal direction of a strip by estimating correlation among points in the longitudinal direction. 
Proposed Method Procedure
The procedure of the proposed method is summarized as follows: 1. Constructing a model (1) Select variables related to buckling. a 1 , a 2 , . . . , a n by solving a generalized eigenvalue problem Ca = λDa, where a i = (a i,1 , a i,2 , . . . , a i,m CCA ) , i = 1, 2, . . . , n 2. Monitoring changes for newly obtained data (1) Reduce the dimension of the training data by using principle component vectors calculated in the procedure of constructing a model. (a i,1 , a i,2 , . . . , a i,m CCA ), i = 1, 2, . . . , n (3) Calculate the distance d from the reference.
Offline Numerical Simulation
Comparison of the Proposed Method with the Conventional One
Offline numerical simulations of the canonical analysis method are conducted compared to the conventional method, that is, limit-checking which monitors each factor related to compressive stress and critical stress such as the difference of roll temperatures between the middle and the end of the roll, strip tension and so on. The simulations are conducted under conditions as follows.
(1) Data samples -Model data: sample data of 75 coils under normal operations are used to construct a model.
-Test data: sample data of 487 coils including 75 coils used for constructing the model and 2 actual broken coils caused by buckling are used to monitor and evaluate.
(2) Input variables -Seven input variables related to the transverse compressive stress and the critical buckling stress are selected.
-Five points in the longitudinal direction are selected. (3) Dimensional compression -Principal component analysis is applied to reduce the dimensionality of input variables from seven to two in order to remove high multi-collinearity among the input variables.
-Dimensionality of canonical variates is reduced from ten to four where the best performance is obtained.
The result compared to the conventional method is shown in Figs. 9, 10 and 11. Two circles in figures represent the broken coils. Figures 9 and 10 show the results of limit-checking, monitoring the difference of roll temperatures between the middle and the end of the roll, and strip tension, respectively. Figure 11 shows the result of proposed method. Monitoring the strip tension by limit-checking cannot detect the two broken coils at all. Although monitoring the difference of roll temperatures between the middle and the end of the roll shows high values for the two broken coils relatively, signal/noise ratio (S/N ratio) is not enough in practical use.
On the other hand, the result of the proposed method shows a high S/N ratio sufficiently. This is because the new proposed method considers relationships among variables. As a result, the new proposed method is practical enough to detect signs of buckling.
Comparison with the Multivariate Statistical Process
Control Method As mentioned above, principal component analysis is applied to reduce the dimensionality of input variables from 7 to 2. Therefore comparison with the multivariate statistical process control (MSPC) method is conducted in addition. Hotelling's T 2 statistic and Q statistic are employed to monitor anomaly in MSPC method [7] , [8] . T 2 statistic is the sum of squared principal component scores and represents the main causal association among variables. Q statistic is the sum of squared errors and represents variation from the first few principal component vectors. The result of MSPC is shown in Figs. 12 and 13. Although T 2 statistic is very large for the first broken coil, it cannot detect the second broken coil. This is because MSPC constructs a model without considering relationship of the data in the longitudinal direction unlike the newly proposed method using CCA.
Discussions
Over Detection for Not Broken Coil
As shown in Fig. 11 , although the coils from No.90 to No.110 are not broken, the new monitoring indexes are very large. Here the reason is discussed. Figure 14 shows the relationship between the carrying speed and the strip temperature in the cooling section. The two circles represent the broken coils. The squares represent the coils from No.90 to No.110. Behavior of these coils is similar to the two broken coils. The more the strip carrying speed, the more the heat carried into the cooling zone by the hot strip. Thus, the flow rate of the cooling gas must be increased according to the carrying speed by temperature control. In the case of over-detected strips, the strip temperature increased because the flow rate of the cooling gas reached the upper limit. Hence, we can estimate that the operation condi- tion for the coils from No.90 to No.110 were as dangerous as those of the two broken coils.
The Relation between Two Principal Components to be Monitored by CCA
As mentioned above, dimension reduction of input variables to the new CCA model from seven variables to two was done in order to remove multi-collinearity. Therefore a relation between the first and the second principal components is monitored by the new CCA model. What these two principal components represent physically is discussed next.
The proportion of each variable to the first and the second principle components are shown in Fig. 15 . Here, variables 1, 2 and 3 are related to the compressive stress and the critical buckling stress. Variables 4 and 5 are the temperatures of atmosphere in the cooling zone. Variables 6 and 7 are the amount of the cooling gas flow. Large proportions to the first principal component are obtained by variables 1 and 2, which are related to the transverse compressive stress and the critical buckling stress, respectively. Therefore the first principal component represents the possibility of buckling, which is compensated in accordance with the actual data. On the other hand, large proportions to the second principal component are observed for variables 4 and 5, which are the temperatures of atmosphere in the cooling zone. Hence, the second principal component represents environmental factors, which affect the possibility of buckling. As for variables 6 and 7, they are canceled each other because both of the proportions to the first and the second principal components are high. Therefore, the CCA method monitors changes of the relation between the possibility of buckling (the first principal component) derived from the physical theory and environmental factor (the second principal component) that affect the former.
Conclusions
This paper proposed a new monitoring method for detecting a sign of buckling in the continuous annealing line using the canonical correlation analysis. The proposed method constructs a model of not only relations among operational variables but also relations in the longitudinal direction of a strip using actual data in normal operations and monitors changes of the relations for new obtained data. Therefore the proposed method can easily detect a signs of buckling which is caused by complicated causal association. By conducting offline numerical simulations compared to the conventional limit-checking, it is confirmed that the proposed method can detect buckling with a high S/N ratio and that this method is practical.
